In the Sahel, mineral fertilizer micro-dosing technique is known for its benefits to provide higher nutrient uptake and higher crop yields. A study was set up at ICRISAT research station at Sadoré in Niger, which aims at evaluating the sustainability of the technology in the longterm with emphasis on soil nutrients dynamics. The study has started since 2008 and was laid-out in a randomized complete block design that involved two pearl millet varieties, three planting densities, and four nutrients management options. For this study, a sub-set of the treatments from this long-term experiment was used. The nutrient management factor, which includes 4 levels was considered. The most important findings obtained indicated that the change in soil nutrient was markedly different on the planting hills and that from between hill. The change in soil pH-H2O values on the planting was -7.06 % for the control plots and -9.57 % for the plots applied with NPK. The total nitrogen content has dropped in the two different plots. The amplitude of drop has lowered with the application of NPK micro-dosing on the planting hills with respectively -5.11 % and -12.45 % in the control plots and the micro-dose plots. Positive change in available P was significantly observed (P≤0.05) in soil between hill with 1.08% in the control plots and 15.97 % in the amended plots. Both grain yield and total dry matter showed similar trend in which decreased yield was obvious over the time. In 2008, an average grain yield of 732 kg. ha -1 and 989 kg. ha -1 was obtained respectively for the control plots and 6g per hill of NPK plots. Whereas in 2016, 146 kg. ha -1 and 218 kg. ha -1 were produced respectively for the control plots and the mineral fertilizer micro-dosing plots. These findings indicated that in the Sahel low-input based millet cropping systems, for the mineral fertilizer micro-dosing technology to be sustainable in the long term, the improvement and maintenance of soil fertility should be considered as the cornerstone.
Introduction
In the Sahel, one of the most striking constraints that impede crop productivity is low soil fertility (Bationo et al., 2012; Bielders, 2015) . Soil nutrient depletion is a major concern in the same part of the Sahel where low-input small-scale farming systems are predominant (Ibrahim et al., 2016) . Reports from Sommer et al. (2013) showed that soil nutrient mining is widespread, with a combined average depletion rate of N, phosphorus (P) and potassium (K) of 54 kg per hectare per year in sub-Saharan Africa (SSA). Earlier findings from the study conducted in the long term experiment at Sadore Sahelian Centre of International Crop Research Institute for the Semi-Arid Tropics (ICRISAT) have indicated that N and P nutrients significantly affect the grain yield and total dry matter of pearl millet (Akponikpè, 2008; Suzuki et al., 2016) . The technology of fertilizer micro-dosing application, which consists of placing small amounts of fertilizer at the hill of plants (ICRISAT, 2009) , is widely recognized as a strategy of nutrient management in integrated manner so as to sustain agronomic productivity (Tabo et al., 2005; Idrissa, 2010; Housseini, 2013; Ibrahim et al., 2015a,b) . Recent reports from (Akponikpè et al., 2014; Ibrahim et al., 2015b; Suzuki et al., 2017) confirmed that the use of mineral fertilizer in combination with manure resulted in high crop yields in the Sahel. The benefit in the short term of yields increase and income as result of applying mineral fertilizer micro-dosing has been considerably demonstrated across the Sahel region (Hayashi et al., 2008; Twomlow et al., 2008 ; Aune and Ousman, 2011; Bagayoko et al., 2011 ; Sime and Aune, 2014 ; Ibrahim et al., 2015a,b) . However, regardless of the increase in crop yields induced by mineral fertilizer micro-dosing technology, Adams et al. (2016) , Camara et al. (2013) and Ibrahim et al. (2016) pointed out the fact that such technology leads to an increase of risk of high nutrient export in low-input millet based cropping system and consequently decreased soil fertility. Ibrahim et al. (2015b) have confirmed that a combined application of fertilizer micro-dosing with cattle manure was unable to balance nutrients exported by the obtained yields. On the other hand, Ibrahim et al. (2015a) , showed that an increase of fertilizer application depth ranging from 5-10 cm gave a significant increase in terms of the root length density while higher depth of the application of fertilizer has given an increase of high yields. Fewer studies if indeed any exists have been carried out in order to determine the sustainability of that technology. It appears that crop roots are mainly concentrated where nutrients are located but lateral root development is also observed. Hence between hill spaces that in the context of micro-dosing does not receive input, which is expected to provide nutrients to crops. Therefore, to have a better understanding of the sustainability of the technology, the best approach would be to study nutrient dynamics at hill level. For the current study, the general hypothesis drawn is that as result of hill application of the mineral fertilizer micro-dosing, soil nutrients dynamics on the planting hill will be better and different from that of the soil between the planting hills. The objective of the current study was (i), to evaluate the change with respect to nutrients dynamics from the long-term application of mineral fertilizer micro-dosing and thus determining the level of contribution of planting hill focused and between hills focused nutrients dynamics to soil fertility sustainability of the technology; (ii) to evaluate the effect of mineral fertilizer micro-dosing on crop yield over the years.
Material and Methods

Experimental site description
The experiment was conducted at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) Research Station, Sadoré, Niger (between longitude 13°02'12'' N to longitude 13°15'00'' N, and Latitude 2°16'01''E to latitude 2°17' 00''E). The climatic conditions are characterized by a long and hot dry season (November to May) followed by a very short rainy season between June and September. A highly variable rainfall with an annual average of 550 mm and average temperature is 29 0 C (ICRISAT database 1984-2016). The field trial is a long-term experiment of a combination of pearl millet and mineral fertilizer micro-dosing started since 2008. The soil type in Sadoré is classified as a sandy Arenosol (West et al., 1984) . The field experiment had a sandy soil. The soil organic carbon and extractable P contents were very low with 0.22% and 2.7 mg kg -1 respectively. The total Nitrogen (N) content was low with 179 mg kg -1 and soil pH (H2O) was strongly acidic (Table1).
Experimental set-up
Data used in the current study derived from a long-term experiment set since 2008 at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT). This experiment was arranged in a randomized complete block design (RCBD) with three replications. The treatments consisted of a factorial combination of (i) four different nutrient management options (control, 3g of NPK, 6g of NPK and 2g of DAP + 1 g of Urea), (ii) two genotypes of pearl millet (Sadoré local and HKP variety), (iii) three planting densities (Density 1= 5000 hills/ ha); spacing = 1.5 m x1 m; Density2 = 10 000 hills/ ha); spacing = 1 m x 1 m and Density 3 = 15 000 hills/ ha); spacing = 0.8 m x 0.8 m). Plot dimensions were 6 m x 6 m and the gross dimension of the experiment was 64 m x 55 m = 3569 m 2 . Then, between row spacing was 1 m whereas between replication spacing was 2m and the useful plot size is 25 m 2 .
To achieve the objective of the current study, two treatments were considered (control, without input) and 6 g hill -1 of NPK (15-15-15) with one millet variety (local Sadoré) dibbled at spacing of 1 m x 1 m were used in the present study.
Soil sampling and analysis
For initial characterization of the experimental field, soil samples were collected before treatments application in 2008. A total of 36 composite soil samples were collected i.e. 12 samples per replication. To evaluate the change in soil chemical characteristics from initial soil status, the soil samples were collected from the plots. In the present study conducted in June 2017, in addition to 4 composite samples collected between the planting hills, 4 planting hills were also selected randomly on which the same core of samples were collected so as to achieve the objectives of the current study. For the samples collection, a graduated aluminum tube was adapted and used as soil sampling auger. In total, 36 soil samples were collected and three cores samples were considered: 0 -10 cm; 10 -20 cm and 20 -40 cm. Each sample was analysed for pH-H2O (soil/water ratio of 1:2.5), soil organic carbon was determined with the method described by Walkley and Black (1934) , total N by Kjeldahl method (Houba et al., 1995) , exchangeable K + and extractable phosphorus were determined respectively by using the extraction method described by van Reeuwijk (2002) and the Bray 1 method (van Reeuwijk, 2002) .
Calculation of change in soil nutrient dynamics and statistical analysis
After the laboratory analysis of the samples, data were processed using Excel. The change in soil nutrients was calculated as follows:
where ASNC is the actual soil nutrients content of the experimental field and ISNC is the initial soil nutrients content of the experimental field. Thereafter, statistical analysis was done with GENSTAT v.9.2 (Trust, 2007) where analysis of variance (ANOVA) was hence performed by using a general treatment structure (in Randomize Blocks). Least Significance Difference (LSD) was used to compare the means. Hence, differences between treatments were considered at error probabilities ≤ 0.05.
Results
Initial soil properties of the long-term experimental field
The initial physical and chemical properties of the soil of the experimental site surveyed in 2008 are presented in Table 1 . 107.00 ± 40.00 43.00 ± 6.00 33.00 ± 5.00 ±Standard error of mean.
The soil texture was sandy with only 3% of clay. 6. The Soil Organic Carbon (SOC) content and extractable P (P-Bray) were all very low with 0.22 % and 2.7 mg.kg -1 respectively. The total Nitrogen (N) content was low with 179 mg.kg -1 and soil pH (H2O) was strongly acidic. These soil characteristics are representative of the soils in Niger that are characterized by sandy texture and lower level of nutrients and organic matter (Ibrahim et al., 2015b) . Table 2 illustrates the current soil nutrient content of the experiment site. It is observed that pH values have decreased compared with the initial values. On the plots applied with NPK as micro-dose, the soil pH value was identic (Table 2) while the mean of pH before trial layout in 2008 was 5.1 (Table1). This indicates that the soil is getting acidic despite the application of the mineral fertilizer micro-dosing. The trend is similar concerning the SOC which remains constant (0.2%) as average although crop residues are every year left in to the experiment site. It is concluded that this may be due to the production of biomass, which export much nutrient instead of sequestering into the soil. Nevertheless, the dose of available P has increased over time with application of mineral fertilizer micro-dosing with respectively 3.1 mg.kg -1 and 6.1 mg.kg -1 for the between hills and the planting hills. It is observed an increase of available P at the planting hills compared with between hills. This could be due to the P accumulation of P into the soil over time. Figure 1 shows that after 9 seasons of cropping, soil pH-H2O decreased in both the control plot and that applied with 6g of NPK (15-15-15) as micro-dose. In the control plot as well as in the fertilized plots, the amplitude of the change in pH-H2O was similar whether the sample was collected between the planting hills or on the hills. When compared with the control plots, soil acidity has increased significantly more on the planting hill than between the hill (p≤ 0.05). Change in soil pH was -7.06% for the control plot and -9.57% for the plots applied with NPK. The higher negative percentage of this change indicated that a possible acidification of the soil experiment occurred.
Current soil nutrient measurements of the experiment site
Changes in soil nutrients content of the experimental field Change in soil pH-H2O of the experimental site
Changes in total nitrogen
Results concerning change in total N occurred in the experimental field are presented in Figure 2 . Soil total nitrogen content has dropped over the year of cropping in both the control plot and the plot receiving NPK as micro-dose. This negative change in total Nitrogen was more important with respect to between the hills than to the planting hills regardless of the treatment received. The amplitude of nitrogen content drop was lower in the plot applied with NPK than in the control plots. Application of 6 g of NPK has lowered the amplitude of nitrogen content drop on the planting hill (-5.11 %) compared with the control plot (-12.45 %) indicating partial replenishment compared with the between hills space and the control. Therefore, microdosing option significantly (p≤0.005) affected Nitrogen content. The negative change might be due to the mobile character of N into the soil and to the soil nutrient export from biomass production of pearl millet. Changes in extractable phosphorus (P-Bray1) Figure 3 presents the change in extractable phosphorus content of the experimental soil from 2008 to 2017. Higher and positive change was observed in plots applied with NPK compared with the control particularly on the planting hills (88.19 % vs -6.27 %). In both the control and the fertilized plot, positive change was observed in available P in soil between the planting hills. This is an indication that even though P export through biomass production has occurred in both treatments, P accumulation has occurred in the plot applied with NPK. Presumably P mobilization from the soil pool have occurred that was more important on the planting hills. Change in exchangeable K + Figure 4 indicates the change in exchangeable K + of the experimental field. The results showed a positive change on the planting hill and it is significantly higher in plots amended with NPK (6 g) on planting hill than in the control plots with 19.64 % and 3.18 % respectively in micro-dosing plots and the control plots. Difference between soil sampling positions is significantly different (p≤0.05). The change is however negative in between hills with respectively -34.6 % and -25.59 % in fertilizer micro-dosing plots and the control plots respectively. The positive change in exchangeable K + means that this nutrient is gradually stocked in the soil with the application of 6 g of NPK per hill over time. Nevertheless, the positive change was also observed in the control plots. Thus, this indicates that the accumulation of exchangeable K + is not only from the nutrients applied. 
Changes in soil organic carbon
Results of the changes in organic Carbon of the experimental soil are presented in figure 5 . The proportion of changes in organic Carbon was negative both on planting hill and in between hills space. The trend observed is similar to that of soil pH (Figure1). Results showed that the change was a little bit lower in the fertilized plots compared with the control plots with respectively -21.85 % and -26.71 % of change in organic Carbon. The same applies to the between hill where the change was negatively greater in the control plots (-34.46 %) compared to the micro-dosing plots (-25.29 %). However, there was no significant difference (p≤0.05) among treatments and soil sampling position as well. Figure 5 . Change in the of organic Carbon content of the experimental soil as affected by treatments Effect of mineral fertilizer micro-dosing on pearl millet yield over the two years Grain yield and total dry matter of the two years of cropping systems were presented in the Table 3 to illustrate the effect of the mineral fertilizer micro-dosing application. In 2008, mineral fertilizer microdosing technology resulted in increased grain yield and total dry matter production. With respect to grain yield in 2008, the control plots produced 732 kg.ha -1 while the mineral fertilizer micro-dosing plots produced 989 kg.ha -1 . However, in the 2016; grain yield as well as total dry matter dropped both in the control plots and in the plots treated with 6g per hill of NPK with respectively 1196 kg.ha -1 2987 kg.ha -1 whereas in 2008 the control plots and the plots treated with the 6g per hill of NPK produced respectively 4118 kg. ha -1 and 6870 kg. ha -1 . From the observed trend; grain yield and total dry matter have dropped over time in both the plots amended with micro-dosing and the control plots. This explains that a lone application of mineral fertilizer micro-dosing could not maintain crop yield over time in low-input millet based cropping systems. 
Discussion
The soil type of the study area was a Sahelian sandy soil which is inherently fragile and infertile (Bationo et al., 1998) . The results of the study were similar to the findings obtained by Housseini (2013) that showed a variation of soil pH-H2O value of about -0,45 after applying 1g of NPK on the planting hill of sesame farm in Kollo (Niger). These results are in line with the work of Bandoum (2005) where he showed that mineral fertilizer micro-dosing caused nutrient export initially present in the soils. These results also agreed the findings obtained by Ibrahim et al. (2016) who found that fertilizer micro-dosing with (2 g DAP and 6 g NPK) had a negative effect on both partial and full nutrient balance in pearl millet field. Added to that, the work of Housseini (2013) confirmed that total dry matter of sesame local variety seriously exported partial nutrient balance with about 21.9 g/kg N with application of NPK at hill. Therefore, it is concluded that mineral fertilizer micro-dosing has led to a negative contribution with regard to partial and full soil nutrient balances instead of increasing such nutrient balances. However, Ibrahim et al. (2016) reported that a combined use of fertilizer micro-dosing along with manure had a positive partial nutrient balance. This indicates that pearl millet used significantly much more nutrients from the native soil nutrients. On the other hand, the highest percentage of change observed between hills may be due to the lateral root development of pearl millet that permit to the plant to look for nutrients far from the hill. This is a strategy of pearl millet adopted so as to benefit from nutrients where they are concentrated (Ibrahim et al. 2015b ). With such nutrient mining character of fertilizer micro-dosing, cropping system could not be quite sustainable meaning that the technology cannot sustain the nutrient requirements of pearl millet over time. Research has shown that pH, Fe, Al and Ca concentration as well as soil texture and organic matter significantly affect P availability for the plant (Mkhabelaa and Warman, 2005) . In acidic soils and particularly with sandy structure like the one of our experiment with up to 47 % aluminium saturation (Fatondji et al., 2006) , it is expected that P immobilization occurs at pH lower than 5. In the sampled plots, soil pH has dropped from 5 to 4.8 (Figure1) . Some studies (Bationo et al., 2003 (Bationo et al., , 2011 revealed that the accumulation of K + in the soil is that the native Sahelian soils in Sadoré contains a high percentage of exchangeable cations such as K + , Ca 2+ . Ibrahim et al. (2016) observed that nutrient depletion is the great consequence of the export of nutrients of crop residue. Though crop residues are usually left in the experimental field over the years, we realize that the change in organic Carbon was relatively negative. First, this may be due to the rapid mineralization of organic matter over time of the soil as it is a Sahelian sandy soil which is fragile and inherently infertile and hence its organic matter rate is very low (˂1%). Most importantly, lack of application of organic manure over time in the experimental field can exacerbate the drastic decrease of organic Carbon in the long term. Ibrahim et al. (2015b) indicated that a combination of organic manure with fertilizer micro-dosing is necessary in the long term so as to increase and sustain pearl millet yield as well as efficient use of limited nutrients such as soil organic Carbon in Sahelian cropping systems. Yield reduction observed over time shown in the experiment is in line with the work of Adams et al. (2016) , who demonstrated negative yield trends of fertilizer micro-dosing treatments indicating that mineral fertilizer alone is unstainable at Sadoré. However, crop residue or manure addition at a certain level buffered pH by 0.3 and increased pearl millet yield. A combined application of manure and mineral fertilizer enhances increased grain yield in Sahel (de Rouw and Rajot 2004; Ibrahim et al., 2015a; Suzuki et al., 2016) . Earlier manure application is favourable for root system development (Michels and Bielders, 2006) and allows faster initial leaf growth, thereby increasing water use efficiency and crop productivity (Shapiro and Sanders, 1997; Bationo et al., 1998) . Similarly, in Sahelian cropping system, many studies have shown the importance of crop residue in the Sahel Region. Buerket et al. (2000) reported that 73% of millet grain yield increase was due to application of 2 t.ha -1 of millet residue. Many studies have reported increased soil permeability and aggregate stability as well as increased water infiltration and water holding capacity, increased soil organic matter (SOM), pH, CEC and nutrient availability which can lead to sustainable yield and sustained soil fertility over time (Bationo and Mokwunye, 1991; Buerkert and Hiernaux, 1998) . Overall, this yield reduction over time might be attributed to fast nutrient release and organic matter decomposition reported for Sahelian conditions Manyame, 2006) . In addition to soil fertility decline, other environmental factors such as dry spell periods might be bringing about a drop of total biomass production over time. On the other hand, recurrent dry spell periods observed in Sadoré over the years coinciding with critical peal millet growth in this season including the grasshopper attack which has led to a replanting of the whole field (Sani, 2018) .
Conclusion
The change in soil nutrients obtained in this study showed that fertilizer micro-dosing stimulates the export of soil nutrients that are initially into the soil which consequently encourages the soil impoverishment. Thus, fertilizer micro-dosing significantly affects soil nutrients in the long term. It is concluded that the trend of the change in soil pH-H2O as well as in soil organic carbon, and in total nitrogen content were negative. However, only Phosphorus and exchangeable K+ have presented positive change. The change in soil nutrients dynamics is better on the planting hills than that from between hills space. Further, pearl millet yield dropped over time regardless of the treatments applied with mineral fertilizer micro-dosing. Hence, we concluded that crop yield was not only affected by micro-dosing options but also environmental factors were included. Similarly, the study concluded that the hill placement character greatly influences soil nutrients dynamics in long-term application of micro-dosing. Further research should be implemented in order to thoroughly assess the sustainability of that technology.
